INTRODUCTION
Blood cultures are routine tests to determine whether micro-organisms have entered the patient's bloodstream. Automated systems, based on the detection of CO 2 increase in the culture media, have considerably improved the screening efficiency for the detection of bacteria. 1 However, further identification of bacteria still requires timeconsuming culturing procedures.
It has been suggested that along with CO 2 , bacterial cultures emit characteristic volatile organic compounds that may be valuable for characterisation. 2 Recently, a number of technological developments have allowed the detection of trace gases with minimal or no sample preconcentration steps. [3] [4] [5] In the current study, we investigated whether the volatiles emitted from bacterial cultures (mimicking routine clinical blood cultures) could be distinguished from each other in a rapid fashion by secondary electrospray ionisation-mass spectrometry (SESI-MS). 6 7 
METHODS

10
3 colony forming units were inoculated in 42 aerobic bottles: 15 with Staphylococcus aureus ATCC 29213 strain, 15 with Escherichia coli ATCC 25922 and 12 Streptococcus pneumoniae ATCC 49619. They were incubated in the automatic instrument BacT/ALERT 3D (Biomerieux Clinical Diagnostic, France). The system automatically detects the positivity of the sample when the amount of CO 2 produced by bacterial growth reaches a given threshold. The bacterial identity was confirmed by culturing according to UK guidelines.
The headspace gas of the positive bottles was sampled with a 5 mL syringe. The gas was subsequently injected into a modified high-resolution mass spectrometer (Orbitrap, Thermo) located in the hospital premises. As a result, an immediate mass spectral fingerprint was obtained. The mass spectra were subjected to one-way analysis of variance (ANOVA) test and principal component analysis (PCA). A k-nearest-neighbour (k-nn, k=1) classifier was employed to predict sample class in a leave-one-out cross-validation (LOOCV).
RESULTS
An immediate mass spectral fingerprint was obtained from all samples. Thirty-three signals in the range 57-308 m/z were found to arise above the background upon injection of the gas. Table 1 lists their m/z values, molecular formula, mean (SD) and p value resulting from the ANOVA test. The average intensity of 27 out of the 33 compounds detected was higher in at least one of the bacterial strains than in the medium. Figure 1 shows an example of the real-time measurement of nine samples (three biological replicates of each bacteria strain) for six representative compounds. Note that each measurement requires a few seconds. Thus, in approximately 10 min, rich volatile fingerprints were obtained for the nine samples. Note how the signal rises upon the injection of the sample with a characteristic intensity, depending on the bacterial type, with a reasonable reproducibility for the three different biological replicates. For example, the compound at m/z 119.0887 (C 6 H 15 S) was present in S. aureus and E. coli, but not in S. pneumonia ( figure 1A ) and the medium (table 1) .
The corresponding PCA score plot (figure 2) of the mass spectral fingerprints reveals a clear clustering according to bacterial specimen. 8 The LOOCV resulted in 40 out of 42 (95.2%) samples correctly classified. One S. aureus and one S. pneumoniae sample were misclassified as E. coli.
CONCLUSIONS
This exploratory study suggests that it is possible to identify bacteria by analysing the gases produced in the headspace of blood cultures by mass spectrometry in a rapid fashion with no sample preparation. Consistently with recent real-time mass Average signal of compounds in italics was found to be higher than for the three pathogens investigated.
spectrometric studies of bacterial cultures, 3 4 relatively low molecular weight volatiles like acetone (m/z 59), acetoin (m/ z 89) and butanal (m/z 73) were found in the cultures' headspace. In addition to this, SESI-MS captures rich fingerprints of volatiles expanding well beyond 300 Da. 9 This data suggests that such high molecular weight vapours may be key to deliver high accuracy in pattern recognition of bacteria. For example, the ion detected at m/z 308.2796 (C 14 H 36 O 3 N 4 ), was found to be the second largest relative contributor in PC3, which essentially separates E. coli from S. aureus and S. pneumonia (see loadings plot in online supplementary figure S1 ). However, this pilot study has some limitations. For example, during this exploratory phase, we wanted to determine the feasibility of this approach by using pure bacterial standards with relatively high colony-forming units. Further research is needed to confirm these findings in expectedly more complex matrices like blood cultures from patients. 
